determinants until equilibrium is reached. Then excess sheep anti-rabbit immunoglobulin G serum, covalently linked to magnetizable particles, is added. The radioactivity bound to these particles is directly proportional to the amount of ferritin present. The assay is reproducible and precise throughout the clinically important range for ferritin in serum. Late addition of second antibodies coupled to magnetizable particles is a novel, simple, rapid, and universally-applicable separation technique for two-site immunoradiometric assays. By this approach, the first immunological reaction can occur in liquid phase, which shortens the reaction time, maximizes sensitivity, and avoids the need for continuous mixing, as compared with methods in which one of the first antibodies is immobilized on a solid phase. There are also ntr of the two-site sandwich type (1), in which excess immobilized unlabeled antibodies are used to bind all the antigen. Labeled specific antibodies are also added and the amount of radioactivity bound to the solid phase, via the analyte, provides a measure of the amount of analyte present in the sample or standard.
Most two-site systems are, in reality, not truly two-site because the same antibody is used for preparing both the labeled and the solidphase unlabeled reactants (4 Figure 1 ). This universal separation technique has been applied successfully to RIA for several years (7), but this is its first adaptation to an IRMA. 
Materials and Methods

Materials
Procedure
Production of antisera to human ferritin.
(i) Rabbit antihuman liver ferritin: Three New Zealand White rabbits were each injected subcutaneously in multiple sites around the neck with 100 g of human ferritin emulsified with 1 mL of complete Freund's adjuvant. They were reimmunized at monthly intervals with 100 g of ferritin in incomplete
Freund's adjuvant and bled 10 days after each re-immunization. All produced high-titre antisera, but we used the fourth bleeding from one rabbit (R3 B4) for all subsequent studies.
(ii) Sheep anti-human liver ferritin: Sheep were immunized with liver ferritin and the specific sheep anti-ferritin immunoglobulins were extracted and purified as described previously (3).
Radioiodination of specific sheep anti-ferritin immunoglobulins.
This was carried out as previously described (3). The labeled product was found to be stable for at least 10 weeks at -20 #{176}C, at which time more than 65% still bound to an excess of immunoadsorbant.
Sheep anti-rabbit immunoglobulin G (IgG).
Sheep antirabbit IgG was obtained from ILS Ltd., 14-15 Newbury Street, London Ed, U.K., and coupled to cellulose magnetizable particles, as described previously (8) .
Samples and standards.
Serum samples from 91 patients were provided by Dr. S. Woodhead of the Welsh National School of Medicine, who also determined their concentrations of ferritin by a "two-site" immunoradiometric automated technique. Serum samples from 174 normal adult subjects were assayed to establish a reference range.
Ferritin-free serum was obtained by overnight incubation, on a rotary mixer, of pooled normal human serum with sheep anti-ferritin covalently coupled to magnetizable particles. The particles were then sedimented on a magnetic block and the serum was decanted and demonstrated to contain no detectable ferritin, as assessed by RIA. Sodium azide was added (2 g/L), and 10-mL aliquots were stored at -20 #{176}C. Sodium phosphate buffer, 50 mmolJL, pH 7.5, was prepared as described elsewhere (3). Sodium bicarbonate buffer, 50 mmoIIL, pH 9, was prepared by dissolving the required amount of sodium bicarbonate in distilled water and adjusting the pH to 9 by addition of 1 mol/L sodium hydroxide solution. These buffers, containing 40 g of bovine serum albumin and 2 g of sodium azide per liter, were used as the assay diluents. Highly purified ferritin standards were also prepared in these buffers and stored at a concentration of 10 mg/L in aliquots at -20 #{176}C. In studying the effect of pH, standards were also prepared in buffers over the range pH 3 to 11 (Table 1) .
Assay protocol. To 100 L of sample or standards (ranging from 2 to 1000 pgfL) we added 50 /LL of 1251-labeled sheep anti-ferritin IgG (sufficient to give approximately 100 000 cpm) and 100 L of rabbit anti-ferritin serum. After mixing and incubation until equilibrium had been reached, we separated bound from free labeled antibodies by adding 100 j.L of sheep anti-rabbit IgG covalently linked to magnetizable particles. After mixing and incubation for 10 mm, we sedimented the particles on a magnet and aspirated the supernate. After two washes with assay buffer, the radioactivity of the solid phase was counted for 60 s. 
Results
Optimization Studies
The necessary excess of rabbit anti-ferritin serum was determined by incubating doubling dilutions from 500-fold to 10 000-fold (in the pH 7.5 assay buffer) with either the most concentrated ferritin standard (1000 g/L) or diluent, and 'I-labeled sheep anti-ferritin IgG. After 2 h, bound and free labeled antibodies were separated by the addition of 2 mg of DAMP. About 9000 cpm was adsorbed nonspecifically to the magnetizable particles; this increased to 37 200 cpm in the presence of the ferritin plus the 1000-and 2000-fold dilutions of the rabbit antiserum.
Fewer counts were obmined at greater dilutions, indicating that less ferritin and, therefore, less 'I-labeled IgG were being bound. Consequently, we chose 2000-fold dilution of the rabbit antiferritin serum for routine use.
The minimum amount of DAMP necessary to achieve complete separation when the 2000-fold dilution of the rabbit anti-ferritin serum was used was determined to be 1 mg (vs 0.5 and 2.0 mg). We also studied four different concentrations of the 1251-labeled specific sheep anti-ferritin IgG. That giving about 100 000 cpm was the most suitable.
Next, we tried to reduce the high nonspecific binding, which was about 8% of the total counts. Washing the particles five times only reduced nonspecific binding to about 4%. Therefore, we evaluated the use of Triton X-100 1 mL/L, glycine 10 g/L, ethanolamine 10 mL/L, gelatin 20 g/L, sodium dedecyl sulfate 0.5 g/L, a mixture of Triton X-100 (1 mL/L) and sodium dodecyl sulfate (1 g/L), and potassium iodide (10 g/L) in bovine serum albumin (40 g/L). Results for the 1000 g/L ferritin standard prepared in the pH 7.5 buffer containing one of the above materials were compared with the nonspecific binding of the diluents only, incubated with labeled and non-labeled antiferritins as before. The potassium iodide solution gave the best results, reducing the number of nonspecific binding counts to 3200 per mm after two washes. To optimize the concentration of potassium iodide and to simplifr the assay, we incorporated the potassium iodide into the DAMP buffer. Over the range of KI concentrations tested (10-50 g/L), 30 g/L reduced the nonspecific binding to 2100 cpm after two washes without affecting the binding in the presence of ferritin.
The effect of pH on the nonspecific binding was studied by preparing the 1000 g/L ferritin standard in various buffers (Table 1) ; to determine the nonspecific binding, diluent only was used. The sodium bicarbonate buffer, pH 9, gave the most satisfactory result, reducing the nonspecific binding to 2200 cpm. Incorporating potassium iodide (30 g/L) into the pH 9 DAMP buffer further reduced this to 700 cpm (about 0.7% of radioactivity added) without affecting the binding in the presence of ferritin.
Varying the incubation time from 30 to 120 mm before values either less than 10 ttg/L or more than 6000 .tg/L, in agreement with the results by the present assay. A comparison of the results obtained with the present assay for the remaining 66 samples is shown in Figure 4 adding the DAMP demonstrated that equilibrium was reached within 60 miii (Figure 2 ) and that the assay was sufficiently sensitive to cover the clinically important range for diagnosing iron deficiency (10).
Assay Validation
The use of femtin-free serum for preparing the ferritin standards, in place of the assay buffer containing bovine serum albumin, had no effect on the standard curve. Doubling dilutions of five serum samples in standard diluent gave results in parallel with the standard curve. Analytical recovery, as determined by adding from 4 to 1000 of human liver ferritin per liter to three serum pools and assaying them, was in the range of 94.3% to 101.6%. Withinassay variation, as assessed by assaying four individual samples 10 times in one run, ranged from 1.9% to 8.2%. The between-assay CV for the same samples assayed in duplicate in 10 different runs ranged from 2.5% to 9.4% ( Table 2) .
The assay can be further simplified by combining the labeled and unlabeled antibodies as a single reagent (Figure   3 ).
The effect of gross hemolysis was investigated by freezing one of a pair of four samples of whole blood before serum separation.
The ferritin concentration in the hemolyzed samples was 120-200% higher than in the corresponding unhemolyzed samples.
The effect of lipemia and turbidity was studied by calculating the recovery of 25 to 400 ng of added ferritin from three lipemic samples; recovery was from 91 to 113% (Table 3) . the need for antiferritin antibody from two different species may be a limitation of this method, it provides a highly specific assay if the two antisera have different specificities. "DAMP" separation suggests itself as the method of choice in the two-site We found high nonspecific binding to be a problem initially, as it is in many mr, impairing sensitivity and precision and potentially augmenting the high-dose "hook" effect (13). Even with large amounts of bovine serum albumin in the buffer, nonspecific binding was 8%; however, we reduced this to 2% by including potassium iodide in the DAMP buffer, and to only 0.7% by performing the assay at pH 9 as opposed to pH 7.5. Free iodine may result from the deiodination of the tssIlabeled antibodies during storage; potassium iodide is a carrier for free iodine and so prevents its adsorption to the matrix of the DAMP. The effect of pH 9 on the nonspecific bindingmay be related to the neutralization of a negatively charged group on the labeled antibodies, thereby inhibiting nonspecific adsorption to the DAMP matrix.
The resulting "two-site" IRMA for liver ferritin is rapid, results being available in about 90 miii. It is sufficiently precise and sensitive for clinical application, and the highdose hook effect does not occur until ferritin concentrations exceed 2000 pg/L. In agreement with other work (13), hemolysis resulted in a much higher ferritin concentration because of the release of ferritin stored in the erythrocyte.
Analysis of a population of normal adults revealed that the concentrations of serum feri-itin were generally lower in women than in men. This reflects the known differences in the amount of storage iron in the two sexes and is in agreement with published results (10).
